









The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 
 
Published by the University of Cape Town (UCT) in terms 

















Department of Electrical and Electronic 
Engineering at the University of Cape 
Town 
Professor 1. Bell 
September 2000 
Thesis in full fulfilment of the requirements for an MSc degree in Electrical 
and Electronic Engineering. 
ACKNOWLEDGEMENTS 
Firstly I would like to thank God for always been on my side and the 
following people for all the support and assistance they have given me. 
To my supervisor Prof Bell, for his willingness, availability and 
directions in all phases of this thesis. 
To Jevon for sharing his ideas and experience on the subject. To Craig 
for always letting me print from his computer. To Joseph Dlamini, 
Larry Khuvutlu and Tebogo for helping me with the typing. 
To my family especially my mother for always been on my side when 
times were tough. To Resego and Ofentse for always motivating me. 




This report describes in detail all the work carried out to reach the main objective of this 
thesis project, which is to develop a tuning fork into a portable instrument used for the 
characterisation of thick liquids based on their density and viscosity. 
A number of tuning forks were built and used in the development stages. They were 
driven magnetostrictively through their drive coils and set to resonance using a 
controllable amplified burst signal from the drive circuit. 
On the listen mode the coil of the fork was connected to the listen circuit by a "Gunther" 
relay switch. So, when the fork rapidly recovered from the drive, its mechanical 
vibrations changed to electrical signals, which when amplified could be seen on the 
oscilloscope. The signals observed on the digital and analogue oscilloscopes could be 
captured in the computer for later analyses if required. 
When a fork is driven in liquids its resonant frequency decreases due to the mass loading 
exerted by the liquid, hence a fork could be used to measure the liquid's density. The 
thickness of the liquid under examination also heavily loads a vibrating fork, leading to a 
very low Q factor. The inverse of Q is the loss angle and it gives a measure of the 
viscosity of the liquid tested or simply its thickness. 
Tuning forks with different sensitivities were used in a range of liquids including 
paraffin, water, engine oil and glyceroL The frequency and the Q measurements were 
recorded and analysed each time. It was generally found tbat the frequency drops more in 
glycerol, water, engine oil and lastly paraffm. The measurements for the Q values 
obtained were on the other hand very high in paraffin followed by water, engine oil and 
glycerol respectively. 
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Finally the main objective of the project was achieved, where an instrument for general 
industrial use was developed. It is extremely robust and can be used in the form of a hand 
held "dip stick". 
A single screaned lead connects the unit to the electronics, which is completely isolated 
from the liquid by the bulkhead, therefore exluding any possibility of an electrical 
harzard. 
Measurements have been made on a wide range of liquids and the results obtained have 
good reproduceability. The heaviest liquid measured is glycerol at 2°C. It is visualised 
that users will calibrate the individual units using thick liquids of their choice, and when 
suitably calibrated the transducer can be used to measure the proportions of the liquid 
mixtures. 
The measurements obtained are generally better with the low sensitivity stainless steel 
fork (fork #3) developed. 
Lastly the measuring instrument can be improved by automating it, where the cell phone 
type unit can be used for data display. 
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The digital scope shows the drive listen feature of the measurement, on the digital 
scope the large burst is the drive and the listen signal is between the bursts. 
Photograph of some of the various designs of hming forks used in the development 
stages. 
Diagram shows the different parts ofthe hming fork. The field from the coil make 
the strips vibrate longitudinally, flexing the tines. Amplitude is at peak at the fork's 
resonance. The resonance characteristics gives the analyses in terms of the liquid. 
Diagram shows the change in length with the applied field in case of a biased 
excitation. The Iron-Nickel alloy gives the maximum magnetostrictive effect [9]. 
Diagram shows the movement of fluid between the tines of a vibrating hming fork. 
The pumping action is etC dp) hence the smaller the gap between the tines is, the 
greater will be the velocities and the greater the sensitivity to mass and viscous 
loading. 
Output signal ofa hming fork driven in air, shows a very low energy loss (Q=1047) 
Output signal of a hming fork driven in oil shows a very rapid energy loss. Q can 
be derived directly from this waveform (Q=52) 
Mechanical lumped circuit model of the hming fork. The loss R. combined that of 
the fork and the liquid. The mass M, includes the inertial loading of the liquid. 
This diagram shows the wavtOrm of the typical exponential decrement to be 
obtained once the driving force is removed. 
This diagram shows how a log decrement is used to find Q. 
The principal amplitude frequency spectrum of a transducer driven by a continuous 
wave. The response to a burst is the decrement shown in figure (2.7). 
Lumped electrical circuit model of a tuning fork. The inductance corresponds to 
inertia, capacitance to stiffuess and the resistance to the energy dissipated [4J. 
Figure 2.12 The practical circuit of the drive-listen system. The mechanical switch is 
synchronised to the onIoff of the square wave drive. 
Figure 2.13 The equivalent circuit. The primary is the electrical drive coil and the secondary is 
the electrical equivalent of the resonance ofthe fork. M represents the 
magnetostrictive coupling. 
Figure 2.14 The coupling co-efficient "k" is found from the slope of the line drawn as shown by 
equation (2.16). 
Figure 2.15 The diagram above shows the acoustic response and the voltage as a ftmction of 


















Figure 2.16 The amplifier circuit used to calculate the internal resistance (~) of the various 
forks. 
















Block diagram of the drive-listen signal (D and L) showing the burst signal as seen 
on the digital oscilloscope. 
A section showing the fork interface to the liquid, with the mls strips and their 
attachments to the tines. The laminations stop short of the root. The magnet was 
positioned to give maximum signal and the inllllersion of the tines can be seen. 
The diagram shows the physical dimensions of a typical tlll1iug fork used. 
Voltage drive circuit. The low impedance load requires the low impedance drive. 
Current drive circuit. The collector gives a push-pull current drive to the coil which 
flaty tuned. 
Listen circuit. The low source impedance of the mit leads to a listen signaL 
The diagram shows the acoustic signal and the output decrement on the listen 
phase. The drive signal can be up to 40V and the listen signal as low as 2m V (86 
dB). 
The decrement fulls fast in a thick oil compared to when in water and air. The graph 
show the slope ofthe waveforms from which Q is calculated. N represents the 
numer of oscillations. 
This diagram shows the set up used for mass calibration of various transducers. The 
acoustic signal was used to compare the efficiency of these transducers during the 
development stages. 
The drive voltage Veoil is obtained from the burst signal and the amplified listen 
signal Vo is the maximum signal ofthe decrement. 
This graph shows V coilNO plotted against the loss (l/Q). The best transducer from 
these results is S.Steel A with the lowest loss angle and the lowest VeoilNo• 
An overview of the transducer performances. 
The frequency decrease is high when measuring high density liquids. 
Decrements obtained for oil heated from room temperature to 54°C. At higher 
temperatures the decay is lower than at lower temperatures. 
The logarithmic plots drawn show the decrease in slope as the temperature 
increases. The Q factor obtained is equal to rtlslope. 
Figure 5.10 The output voltage increases as the temperature of glycerol rises. 
Figure 5.11: The loss angle decreases by about 0.0008 per °C increase in temperature. As the 
liquid becomes thinner the vibrations become larger and last longer. 
Figure 5.12 The loss in glycerol with a light sensitive aluminium fork decreases by about 























The loss angle decreases as the temperature increases. The loss per °C is more in a 
light fork (fork #6) than in a heavy fork (fork #7). 
Figure 5.14 The resonant frequency ofa heavy fork (fork#l) stabilises faster than that ofa light 
Figure 5.15 
fork (furk#3) when driven in glycerol at low temperatures. 
The resonant frequency stabilises faster with a heavier fork (fork #7) than with a 
light quartz fork (fork #6) 
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greater density. The loss however is greater for the thick oil. 
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frequency measured without the added mass, whereas Fm is that with the added 
mass. 
Table 5.3 This table shows the relationship ofVcooNo as plotted against the loss angle (lIQ) 
for various forks operating freely in air. The losses in air are due to the internal 
losses of the forks. 
Table 5.4 A low sensitive fork (fork # 1) was driven in various liquids (water, paraffin, 
engine on and glycerol) and due to its good coupling good measurements were 
obtained in very thick liquids. 
Table 5.5 A high sensitive fork (fork # 6) was driven in various liquids (water, paraffin, 
engine oil and glycerol) and it also has a good coupling enabling the transducer to 
be used for measurements in thick liquids. 
Table 5.6 A low sensitive fork (fork # 3) was driven in various liquids (water, paraffin, 
engine oil and glycerol) and it also has a good coupling enabling the transducer to 
be used for measurements in thick liquids. 
Table 5.7 A high sensitive quartz fork (fork #6) driven in hot oiL 



















The data for fork#3 driven in cold glycerol is displayed below. 





This report discusses in detail all the work carried out to reach the main objective 
of this project, which was to classify heavy fluids using a vibrating transducer, 
namely a tuning fork. The main properties looked at in these fluids are viscosity 
and density, and they are measured using the instruments shown in figure (1.1). 
These properties are related by the loss angle and the frequency decrease measured. 
It was thus realised that with the technology now available, these prperties can be 
simply and reliably measured. So the production of a portable instrument in a form 
of a "dip stick" was explored for general classification of liquids. 
Figure 1.1: The digital scope shows the drive-listen feature of the measurement. On the digital 
scope, the large burst is the drive and the listen signal is between the bursts. 
When driven in a fluid the transducer drives the liquid and the added mass of the 
system reduces the frequency [8]. 
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This occurs irresepective of the viscosity and at high viscosities, there will be a 
further added mass due to the viscous drag of the liquid [16]. 
The tuning fork designed was driven magnetostrictively as described in section 
(2.2) and was set to vibrate at its resonant frequency. The natural resonant 
frequency of the transducer depends on the mass loading of the liquid surrounding 
the element while the decrement of the vibrations depends on the energy loss. 
By observing the decay in the vibrations when the drive is switched off, the energy 
losses can be measured. The Q mctor, a measurement widely used in electronics 
can be obtained from the decrement. The inverse of Q is the energy loss angle, and 
in the low to medium viscous liquids it has a first order relationship to viscosity. 
With very thick liquids this instrument is designed to measure, the parameter 
change in ferquency and loass angle can be considered as characterising the liquids. 
The phenomena of thixotropy became evident for these heavy liquids. As 
developed here, the instrument is intended for general manual use where the fork is 
part of a "dip stick" giving mass loading and the loss angle of the liquid sampled. 
The resonant frequency is maintained and any change is detected and used to derive 
the change in density of the liquid. Density and viscosity are proportional to the 
product of the fluid velocity and the geometry of the lamina of the fluid trapped 
between the tines [9]. The electronic circuitry built helps maintain a high Q, hence 
a good perfomance by the transducer. 
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CHAPTER 2 
LITERATURE REVIEW AND DISCUSSION OF RELEVANT THEORY 
This chapter focuses on the relevant theory that relates to this thesis project. The 
theory is a summary of information taken from journals, some practical experience, 
the internet and texts listed in the bibliography. 
2.1 TUNING FORK'S APPLICATION AS A VIBRATING TRANSDUCER 
Tuning fork is a vibrating body and was used as a transducer in this project. A wide 
range of tuning forks (shown by figure 2.1) of different materials (i.e. aluminium, 
glass, stainless steel and fused quarts) and different mechanical designs were used, 
and they each resembled the diagram on figure (2.2). They all had biasing magnets 
attached. Some had their tines nickel-plated or had nickel strips glued to their sides 
and had coils of copper wire wound around them. 
Figure 2.1: Photograph of some of the various designs of tuning forks used in the development 









Figure 2.1 Diagram shows the different parts of the tuning fork. Thefieldfrom the coil makes the 
strips vibrate longitudinally, flexing the tines. Amplitude is at peak at the fork's 
resonance. The resonance characteristic gives the analyses in terms of the liquid. 
The "burst" drive signal is connected to the coil, and the tuning fork is set into 
resonance. In the listen mode the vibrations of the tuning fork are translated to an 
equivalent electrical signal, shown as a decrement from which Q was obtained. The 
technique that links the mechanical and the electrical characteristic of the tuning 
fork is called magnetostriction. 
2.2 MAGNETOSTRICTION AND ITS EFFECTS 
If a magnetic field is applied to a magnetostrictive material, that material will 
experience a small change in dimensions and this change will be in parallel to the 
magnetic field as shown in figure (2.2) [4]. Similarly a change in the dimensions of 
the material caused by some mechanical stress, will result in the generation of a 
magnetic field (shown in figure 2.3). 
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Figure 2.3: Diagram shows the change in length with the applied field in case of a biased 
excitation. The Iron-Nickel alloy used gives the maximum magnetostrictive effect [9} 
Different materials respond differently to the magnetic field applied. So when 
magnetostriction occurs, the magnetostrictive strips change more than the 
remaining structure of the tuning fork materiaL As a result the bimetallic effect 
takes place and the tines start bending. 
As soon as the electrical signal is removed, the tines revert to their natural free 
frequency [3]. It can thus be seen that if the electrical signal is applied to the coil, 
the tines will follow the oscillating magnetic field. Consequently due to the reverse 
effect, a physical movement in the tines will in general be reproduced in the form 
of a voltage across the coil. 
During magnetostriction, eddy currents and hysteresis losses occur and may lead to 
the increase of temperature of the fork. As a result a temperature sensor (LM35) 
was attached to the transducer to monitor its temeprature changes. 
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2.3 DAMPING ON A TUNING FORK 
When a vibrating tuning fork is immersed in a fluid, there will be some energy 
dissipation in a form of viscous losses, hydrodynamic and acoustic radiation as 
discussed below. When these losses are high, they can reduce the sharpness of the 
resonance and consequently the frequency stability, which ultimately affects the 
resolution of the instrument. These losses were however useful in the classification 
of the transducers in the development stages. 
2.3.1 HYDRODYNAMIC EFFECT 
When a tuning fork vibrates in a liquid as shown by figure (2.4) below, it imparts 
kinetic energy into that liquid and sets it in motion [17]. In turn, an inertial mass 
loading is experienced by the tuning fork, thus increasing its static lumped mass 
parameter. As a result the resonant frequency of the tuning fork in that medium is 
lowered. 
Tines of the tuning fork 
vibrating in a fluid. 
Fluid's movement 
in between tbe 
tines. 
Figure 2.4: Diagram shows the movement of fluid between the tines of a vibrating tuning fork. 
The pumping action is eI(dp) hence smaller the gap between the tines is, the greater 
will be the velocities and the greater the sensitivity to mass and viscous loading. 
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The movement of the fluid between the tines imposes an extra loading on the 
tuning fork due to the viscous nature of the fluid concerned. This damping effect is, 
small in lighter fluids (e.g. Water) than in heavier fluids (e.g. Oil). Because the 
laminar of the fluid trapped between the tines cannot escape immediately, there is 
an increase of pressure in the film, which imposes an elastic force on the system. 
This behaves as a stiffuess phenomenon and serves to raise the resonant frequency. 
The total effect of this reactive loading depends on their magnitudes. 
2.3.2 ACOUSTIC RADIATION 
When a tuning fork vibrates in a fluid. some energy is radiated in the form of 
sound. These acoustic energy losses are negligible compared to the losses in the 
liquid. In the development stages the efficiency of the various forks was obtained 
by comparing the sound signals picked by a microphone, and these signals were 
found to be a measure ofh as shown in figure (2.13). 
2.3.3 VISCOUS EFFECT 
Vibration of the transducer in a liquid (as seen in figure 2.4) induces viscous drag 
forces, which present a damping effect. This phenomenon can be reduced or 
enhanced by choosing the geometrical design that will either maximise or minimise 
the shearing forces [17]. By observing the output signals shown in figure (2.5 and 
2.6) obtained when driving the tuning fork in Air and Oil, the Q factor dropped as a 
result of the viscous loading. Therefore liquids with higher viscosities present a 
higher loss loading to the transducer, as shown by the drop in the Q factors in 
figures (2.5 and 2.6). 
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Figure 2.5: Output signal of a tuning fork driven in Air, shows a very low energy loss (Q=1047). 
Figure 2.6: Output signal of a tuning fork driven in Oil, shows a very rapid energy loss. Q can be 
derived direcdy from this waveform (Q=52). 
Figure (2.5) shows a high Q signal obtained when the fork is driven in a low loss 
medium (i.e. Air) while figure (2.6) shows a low Q signal obtained in a heavily 
damped medium (i.e. Oil). The damping experienced by the transducer is due to 
both the loss and the mass loading of the fluids under examination. 
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2.4 ANAL YSIS OF A LINEAR SYSTEM AND THE LOGARITHMIC 
DECREMENT'S MEASUREMENT. 
It is useful to model the structure as a 1st order linear system and to derive the 
differential equation of motion by applying Newton' s second law if an analytical 
approach is to be adopted [17J. 
Take an ideal system made of lumped parameters and exhibiting a single degree of 
freedom figure (2.7). 
M 
Figure 2. 7: Mechanical lumped circuit model of the tuningforlc. The loss R combines that of the 
fork and the liquid. The mass M includes the inertial loading of the liquid. 
Where such a system has: 
In general the stiffuess of the spring is a constant (k), but in thixotropic liquids it 
changes, mass (M) and viscous damping (R). Applied force (F), displacement (x), 
velocity (x'), acceleration (x"). &n is the small additional mass attached to the 
tuning fork 's tines. 
In reality these parameters are distributed and not purely lumped. However, 
valuable insight can be obtained from this simplified model. 
When there is damping, the generalized equation of motion is given by: 
Mx" + Rx! + kx = Fsinroot 




From equation (2.2) above, the relationship between mass and frequency is given 
by the equation: 
The fractional change in mass = 2 (fractional change in frequency) (2.3) 
In the tuning forks used in this project, the mechanical resistance R is kept very 
small, hence o} 0> a2 making s complex and ~ imaginary as given below. 
(2.4) 
Where: Wd = wo"[1- ~2], and is the angular frequency of the damped free 
oscillations. Therefore for slight damping or low values of internal 
friction, the damped frequency is nearly equal to, although slightly less 
than the undamped natural frequency. ~ = R/(2Mroo) is the viscous 
damping factor, a = (R/2M) is the loss and roo = "(Kim) is the natural 
free resonant frequency. Quality factor (Q = 1I2~). Note that M is 
proportional to I/f. 
Another form of analysing the system is by a decaying sinusoid shown by (fig 2.8). 
Figure 2.8: This diagram shows the waveform of the typical exponential decrement to be 
obtained once the driving force is removed 
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The sinusoid above is represented by equation (2.5) where ~ is the amplitude of 
the signal at the start of the decrement and An is the signal at the nth cycle taken. 
x(t) = Ao Sinoot (2.5) 
The frequency of the decrement is very close to the natural frequency of the system 
[3], and from the decrement the loss term can be obtained. The method described 
by figure (2.8) where the amplitude against frequency characteristics of the system 
are shown, is one form by which the Q (quality factor) is obtained when using 
equation (2.6) below. 
(2.6) 
Q values were also accurately obtainable by plotting the log of the amplitude 
against the number of oscillations. The result is a straight line where the slope is 
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Figure 2.9: This diagram shows how a log decrement is used to find Q. 
I1 
Figure (2.9) shows the logarithmic plot of a tuning fork driven in air. The slope is 
given as 0.0048 (shown by equation 2.7) while the corresponding Q=654 (shown 
by equation 2.8). 
Ln An Ln Ao - 7tn/Q (2.7) 
The Q factor of a transducer in any liquid can also be obtained from figure (2.9) 
above by using equation (2.8). 
Q = 7t I slope (2.8) 
From figures (2.5 and 2.6) and equation (2.8), it is seen that the faster the 
decrement falls, the steeper will be the slope hence the lower the Q factor 
measured. 
The inverse ofQ, gives the loss angle which is a good measure of viscosity [6]. 
Loss Angle = lIQ (2.9) 
A measure of the rapidity with which the transducer vibrations are damped by the 
surrounding medium, is the time taken for the amplitude to decay to lIe of its initial 
value Ao [17], this being the mechanical time constant of the system given by: 
't = 1/a = 2MIR (2.10) 
So the longer it takes the oscillations to decay the smaller mechanical resistance as 
shown in figure (2.5 and 2.6). 




The loss angle is directly proportional to the energy dissipated, therefore the 
viscosity is directly related to the energy dissipated. 
Viscosity = f(energy dissipated) where: f is some function 
or Viscosity f2 (loss angle) 
or Viscosity = f3 [1n(AJAn) Inn] (2.12) 
The energy stored in the fork is proportional to its density, and the loss is purely a 
function of the fork's geometry[9]. As a result stainless steel is used for 
measurements in very heavy liquids and aluminium for simple liquids. 
Estored Yz M~ = Yz kp ~ (2.13) 
2.5 Q FACTOR MEASUREMENT AND THE FORK'S GEOMETRY 
Q factor can easily be defined as the total energy stored in the structure divided by 
the sum of the energy losses from the tuning fork per cycle [6]. 
Q = 2n(Energy stored) I (Energy lost per cycle) (2.13) 
A high Q factor is desirable because it simplifies the feedback control electronics 
since a high degree of phase shift stability is not imperative, and it also minimises 
the perturbing effect of the drive electronics and gives a high resolution. It also 
implies a very low unwanted coupling to the external world, which gives high 
accuracy and long term stability. As a result, a tuning fork of good design is 
necessary for a high Q to be maintained. 
A high Q factor of the resonator means that the sensor performance is almost 
entirely dependent on the mechanical properties of the tuning fork. 
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When the forks are designed to couple strongly with the liquid by making the gap 
between the tines small, the sensitivity becomes high but the measurements are 
restricted to thinner liquids (see table 4.2). Therefore a fork designed to have a very 
low coupling to the liquid would work well in thick liquids. 
The bandwidth method described below is one form of measuring Q, suitable for 
heavily damped systems with a low quality factor. With the the broad bandwidth 
technique the frequency can be accurately measured, however the decrement 





= Q .... -E 
,.Q 
~ 
Y2 power point with AF 
-"'- I Vibration Frequency 
Figure2.} 0: The principal amplitude frequency spectrum of a transducer driven by a continuous 
wave. The response to a burst is the decrement shown in figure (2.7). 
Q Fol Af 
Fo =kt t(EI p)/p 
(2.14) 
(2.15) 
Where: t and I are the thickness and the length of the tines respectively. Fo is the 
fork's natural frequency, E the elasticity modulus of the material, p the 
density of the fork's material used. Lastly k is a constant depending on the 
geometrical shape of the fork. Af = F2 - Fl where F2 and FJ are the half 
power frequencies. 
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In this project however, the method described by figure (2.9) was used for the Q 
measurements. With this method the Q factor is determined by electronically 
shutting off the driving force within a number of decay transients, so as to leave the 
system in free vibrations. The decrement is then analysed as shown by figures (2.8 
and 2.9) and then Q is obtained. 
From equation (2.15) it is seen that when the frequency of a certain type transducer 
is measured, the factor k in the equation can be calculated and combined with 
-VeE / p) and written as a dimensionless constant K as shown in figure (2.14). 
Equation (2.15) also shows that the frequency of the forks with the same shape and 
material vary as their linear dimensions. The frequency is seen to be inversely 
proportional to the tine's length and directly proportional to the tine's thickness and 
is independent of the width [9]. 
2.6 ELECTRICAL MODELLING OF THE TRANSDUCER 
Tuning forks used in this project can be modeled electrically. 
c 
Figure 2. J J: Lumped electrical circuit model of a tuning fork. The inductance corresponds to 
inertia, capacitance to stiffness and the resistance to the energy dissipated f4J. 
Where: The inductance L represents the mass "M", capacitance C represents coil 
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stiffness "K". The resistance R viscous damping "R". 
The physical properties of the tuning fork and surrounding fluid in which it is 
immersed are transformed into equivalent impedances, which will affect the input 
voltage. The loading due to the liquid examined is a source of resistance. 
The coil wound round the fork, couples magnetostrictively to the fork and this is 
represented in the equivalent circuit as a mutual coupling between the two 
inductors. 







Figure 2.11: The practical circuit of the drive-listen system. The mechanical switch is 
synchronised to the on off of the square wave drive. 
The coil of the fork is permanently connected to the drive collectors. On the listen 
mode, the square wave signal is off and the coil is switched to the listen position. 
The heavy drive current does not go through the switch and the transistors do not 
load the input to the listen amplifiers. 
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A simple transformer is used as an equivalent circuit shown by (Figure 2.13). 
v 
Figure 2.13: The equivalent circuit. The primary is the electrical drive coil and the secondary the 
electrical equivalent of the resonance of the fork. M represents the magnetoslrictive 
coupling. 
The circuit above shows the primary as being electrical and being mutually coupled 
to the secondary, which is the vibrating tines. The series L2C2r are the equivalent of 
the lumped mass, stiffness and loss of the actual fork. 
The vibration at the end of the tines is a maximum and this was selected to compare 
to iz. The ratio of current i l to the tine velocity gives the electrical to mechanical 
coupling and it can be observed by measuring the tine amplitude and the current il . 
The signal on a microphone placed just below the tines picks up the vibration iz 
very strongly and was extremely used in optimising such parameters as the DC bias 
and the primary circuit design. 
The circuit is current driven and thus when off, it conveniently represents an open 
circuit for the listen phase. The current drive il is fixed, and the voltage V changes. 
The capacitive tuning of the low impedance coil increases it to 10 or 20 ohms, 
allowing a higher drive current. By limiting the bandwidth also improved the 
quality of the waveforms. 
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In the absence of a liquid the secondary is sharply tuned and r is small. Most of r 
originates in the magnetostrictive drive strips and a larger r was acceptable to 
obtain a strong drive for the thick liquids. 
el is reflected from the secondary and is small compared to the drive voltage. e} is 
the " back emf" so called as it is negative el -( roMij)/Z. Analysis shows that 
e] = (ro2 M2 h)/r at resonance. Substitution of k2LIL2 for M2 and Q for roL2/r gives 
e1 = (~QroLl)il. 
When driven by a continuous wave, el is not observable, but by square wave 
modulating the drive (the drive-listen cycle) only eI is present on listen, and it has 
the characteristic decrement of the resonance and thus can be amplified and 
measured using a digital storage scope. In the listen mode, el starts at the value 
given in this equation and decays exponentially and can be measured reasonably 
well. 
There is however a switching transient as seen in figure (4.4), which intrudes on the 
frrst cycles of the decrement. The drive voltage across the coil is taken as roLdl 
although it is somewhat less because ofrt. Equation (2.16) is then obtained and a 
precise value for Q is obtained from the decrement [4]. 
(2.16) 
In this form the terms are large for the high loss liquids of interest. This equation 
was used as an overall test of the validity of the equivalent circuit by measuring a 
range of liquids, going from low loss water and paraffm to high loss car oil and 
glycerol. Two forks were used stainless steel designed for heavy liquids and 
aluminium, which gives a higher sensitivity but not the full loss range. 
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Comprehensive measurements are given in the accompanying tables. They are 
followed by two graphs using equation (2.16) from which the magnetostrictive 
coupling co-efficient (k) was obtained. 
Table 2.1: The coupling coefficient <it" for fork# 1 is obtained using the information given below. 
STAIN LESS STEEL FORK#1 
AIR WATER PARAFFIN ENGINE OIL GLYCEROL 
Vcoil 0.281 0.47 0.613 0.65 0.7 
Vo 12.59 8.75 9.375 2.422 1.238 
e1 0.067 0.046 0.050 0.013 0.007 
Vcoille1 4.218 10.152 12.358 50.723 106.866 
Frequency 2284 1870 1935 1889 1777 
Q 1054 303 244 54 28 
1/Q 0.0009 0.0033 0.0041 0.0185 0.0357 
Table 2.2: The coupling coefficient <ik" for AL2 is obtained using the information given below. 
ALUMINIUM FORK (AL2) 
AIR WATER PARAFFIN ENGINE OIL GLYCEROL 
Vcoil 6.375 7.44 7.81 7.44 7.06 
Vo 8.625 13.9 12.2 5.5 4.719 
e1 0.025 0.040 0.035 0.016 0.013 
Vcoil/e1 259.435 187.873 224.698 474.807 525.124 
Frequency 2885 2241 2344 2283 2119 
Q 142 122 117 31 21 
1/Q 0.007 0.0082 0.0085 0.0323 0.0476 
The drive voltage (V coil) and the output signal (Vo) shown in the two tables above 
were measured at the fork's coil and at the output of the listen amplifier 
respectively. e] the back emf shown in the tables, was found by dividing Vo with 
the gain of the listen amplifier. The gain of the amplifiers depends on the 
inductance of the fork's coil, so the less the inductance the higher the gain. 
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By taking the slope of the plot of the ratio of V coil/el against IIQ as shown in the 
graphs below, the coupling coefficient "k" of the forks described above was 
obtained. The k for the stainless steel fork is higher at 0.018 than the aluminium 
fork at 0.011, which means that the conversion of electrical B mechanical energy 
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Figure 2.14: The coupling coefficient Uk" is found from the slope of the line drawn, as shown by 
equation (2.16). 
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Figure 2. /5: The diagrams above show the acoustic response and the voltage as a function of 
frequency as it is swept through resonance. 
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The graphs shown by figure (2.14) above show that when using a continuous wave 
signal, the voltage required at the collector is a minimum when the fork is at 
resonance and higher when on either side of resonance. 
The performance of the fork is also at its best when at resonance as confrrmed by 
the maximum sound signal picked at resonance. These graphs show that it is easier 
to drive the fork at resonance than when it is on either side of resonance. The back 
emf (el) from the resonance is only a small percentage of the drive voltage and this 
falls to a very low fraction for the low Q factors in oil and glycerol. 
This was avoided by using an on/off drive having a drive listen cycle. The cycle is 
sufficiently long for the signals to reach a maximum. When the drive goes off only 
el is left and it decays exponentially to zero with the current iz. 
The output signal was obtained by using an inverting amplifier shown below, since 
the full power of the listen signal is used. The current flows directly from the fork's 
coil to the opamp's feedback impedance. By connecting a 10 n resistor in series 
with the fork during the listen cycle, the fork's current and resistance can be found 
by using equation (2.18). Knowing ~ helps in the calculation of the gain of the 
listen circuit (see tab Ie 3.1). 
(Current across the fork's coil) lcoil = el(~+10) 
(Resistance of the fork) Ro= 10/(VJVIO-l) 








Figure 2.16: The amplifter circuit used to calculate the internal resistance (Ro) of the various 
forks. 
2.8 BEHAVIOR OF THE EQUIPMENT USED 
Besides the material and the mechanical properties of the transducers used, their 
performance also depends on the following physical characteristics: electrical 
connections, backing and bonding etc. 
2.8.1 ELECTRICAL CONNECTIONS 
These include the coil wound around the transducers, connections between 
components and any other external connections. The coil forms part of the 
intermediate layers placed on the transducers, so their thickness and impedance 
influences the sensitivity of the transducer. 
The electrical tuning network together with the contact resistance and inductance of 
the electrical connections affect the electrical impedance of the transducer and can 
affect their overall sensitivity. 
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2.8.2 BONDING 
The transducer's performance also depends on the state of the bond at the interface 
between the magnetostrictive strip and the tines. The magnetic field causes the 
strips to vibrate longitudinally in phase, making the tines vibrate in antiphase as 
shown by figure (2.2). Since the magnetostrictive effect is reversible, the voltage 
will be produced in the coil by the transfer of energy from the vibrations. 
Electrical energy ~ Mechanical energy 
The coil must also be as close to the root of the fork and to the magnetostrictive 
strips as possible, because any improper winding of the coil will cause loss of the 
drive signal. This also applies to the state of the interaction between the transducer 
and the liquid used. 
2.9 CHOICE OF MATERIAL 
The material chosen is important if good temperature characteristics, low 
temperature coefficient [1/f (d:f7d9)] and sensitivity are to be realised. In general 
low density materials are preferred as they allow the mass loading of the 
surrounding fluid to be proportionately higher. 
Also a good material chosen would have a low internal friction and low 
temperature coefficients. Where the temperature coefficients of both the linear 
expansion and elasticity of the material used is small. A material with a high 
thermal conductivity is also important in that it ensures that thermal equilibrium is 
rapidly achieved. So the commercial availability of aluminium and stainless steel 




EXPERIMENTS CARRIED OUT ON mE TRANSDUCER 
The main focus of this thesis was to develop a technique and an instrument to 
classify heavy fluids (i.e. Oils) using a tuning fork. 
At the beginning of the project, a particular tuning fork referred to as fork #1 and 
the drive listen circuitry I previously used were still available. It is from this basis 
that a technique to extract the necessary information to evaluate Q was developed. 
As a result a great effort was put into the design of the tuning forks. The electronics 
was redesigned and a new drive-listen circuit was built. 
3.1 PROCEDURE OF THE EXPERIMENT 
Before performing the experiments, it was made sure that all the electrical 
interconnections were good, and that all the other equipment used functioned 
satisfactorily. Two methods were used, and in both cases the aim was to drive the 
fork with a burst signal and to obtain the decrement on the listen mode. The unit's 
stability was important and required clamping throughout the experiments, so it 
was secured well above the actual tines. 
3.1.1 THE RELAY FUNCTION 
In this method the circuit was connected as shown in figure (3.1) below. The burst 
signal was obtained by combining a clock signal and any desired square wave 
output from the counter through a NAND gate [22]. That burst signal would then 
be fed through the drive circuit. The amplitude of the burst could be adjusted to 
accommodate the various liquids. 
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For the fork to be switched from drive or listen mode, a square wave synchronous 
signal was used to control the "Gunther" relay thus isolating the drive from the 
listen cycle. The duration of the drive/listen cycle could also be controlled allowing 
the transducer to perform at its best. On the listen mode, the relay switches and 
connects the fork to the listen circuit where the output signal is amplified. As a 
result the decrement could be measured very precisely on the digital oscilloscope. 
From there onwards the procedure was similar to the alternative method described 




Figure 3.1: Block diagram of a gunther relay method. 
3.1.2 ALTERNATIVE METHOD TO THE RELAY FUNCTION 
The final circuit used was connected as shown in figure (3.2). The burst of drive 
oscillations was obtained by square wave modulating the signal generator. To vary 
the duration of the drive and burst cycles, the PRF on the square wave generator 
was adjusted. At low signal strength the digital oscilloscope was subject to 
saturation but this was avoided by using the switch at the input of the listen circuit. 
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The pulse generator modulates the signal generator with a square wave, giving the 
operator control of the drive-listen. For high Q air measurements, the PRF required 
could be more than a second but for high loss oil it could be as low as 20msec. 
The tuning fork was driven by an amplified burst signal from the drive circuit 
through its coil. The amplitude of the burst could also be adjusted on the signal 
generator as shown in figure (3.2) below. The coil of the fork was also connected to 
the listen circuit through a relay switch during the listen phase. So, when it rapidly 
recovered from the drive its mechanical vibrations changed to electrical signals, 
which when amplified were displayed on the oscilloscope. When necessary the 
signals observed on the digital and analogue oscilloscopes were captured in the 
computer for later analyses as required. 
GeIler.r 
To the Drive-Listen 
switch when used 
The aim of the setup is to drive the tuning 
fork with a burst signal and to observe the 
decrement on the listen mode 
Burst 
SimaJ 
Figure 3.2: Block-diagram of/he Drive-Listen signal (D and L) showing the burst signal as seen 
on the digital oscilloscope. 
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3.2 RESONANCE SETTING 
Experiments were carried out using; Air, Water, Paraffin Oil and later Glycerol. 
Each time a run was taken, the tuning fork was set to its resonant frequency and 
then the decrement would be obtained on the listen mode. 
To precisely set the fork to resonance, the burst signal was connected and the 
frequency swept through a wide range while both the amplitude and the phase of 
the decrement were observed. Resonance was reached when the amplitude is a 
maximum and was recorded on a frequency counter and the decrement on the 
oscilloscope. The accuracy of the frequency obtainable falls as the Q decreases. 
At resonance the fork's response is at its maximum, so the signals generated by the 
coil are large and ensure a good signal to noise ratio. The resonant frequency of the 
fork is given by the equation t5mIM = -2liflF, therefore a fractional change in mass 
leads to twice the fractional change in frequency. 
These operations could be automated, but the development of the necessary 
circuitry was not dealt with in this thesis. 
3.3 MAGNETIC BIASING 
For optimum performance, the fork has to be precisely biased magnetically and this 
is necessary as the magnetostrictive phenomenon is non linear. To get this magnetic 
bias right, a thickness polarised rare earth magnet was adjusted just above the coil. 
In the development stages, as the magnets were being adjusted a maximum output 
signal was picked up by the microphone when biasing was reached. 
In certain cases the magnetostrictive material had sufficient magnetic retentivity for 
the magnets to be unnecessary, but as a precaution they were always used. 
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3.4 FINAL TRANSDUCER DESIGN 
Figure 3.3: A section showing the fork intetface to the liquid, with the mls strips and their 
attachment to the tines. The laminations stop short of the root. The magnet was 
positioned to give maximum signal and the immersion of the tines can be seen. 
The magnetostrictive nickel alloy strips (m1s) go through the barrier to the fork 
where they are held solidly flat against the tines by thermosetting arasldite. They 
conduct the driving AC field and the magnetic bias to the region of maximum 
flexure. With the alloy alone the field saturated and fell off rapidly, but much better 
conduction was achieved by the addition of a length of transformer lamination. 
This gave a major improvement in performance, allowing the fork to have as deep 
an immersion into the liquids measured as possible. The improvements in electical 
performance were traded off against this requirement (gap between the tines)/(tine 
width *density of thefork). The wall seperating the electronics from the liquid gave 
the fork a form of a probe which made it easier for experiments to be taken. 
After evaluating various forks, it was realised that the acoustic signals picked were 
proportional to the ratio of the (microphone amplitude) *(current drive) and Q. The 
magnetostrictive coupling is (mike amplitude)/(Q*current drive) , and must be as 
large as possible. 
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3.5 THE PERFOMANCE OF THE FORK IS AFFECTED BY ITS 
GEOMETRY AND DENSITY 
a: Tine widtb 
b: Tine lengtb 
c: Distance from root to end 
of fork 
d: Gap between tbe tines 
e: Deptb of tines 
Figure 3.4: This diagram shows the physical dimensions of a typical tuning fork used. 
Table 3.1: This table shows the physical dimensions and the various materials of the forks used. 
T.F number Material a b c d e Density (p) e/(d*p) 
mm mm mm mm mm g/cm" 
T.F# 1 Stainless steel 6 44 33 6 25 7.9 0.030 
T.F# 2 Stainless steel 8 52 37 6 22 7.9 0.035 
T.F# 3 Aluminium 10 44 33 6 12 2.71 0.185 
T.F#4 Brass 10 44 34 6 26d 8 0.029 
T.F#6 Quartz 8 49 38 8 12 2.66 0.25 
T.F#8 Glass 6 59 64 7 14 2.4 0.208 
T.F# 7M Brass 8 39 9 7 7 8 0.125 
Table (3.\ ) contains the various dimensions of the forks used, as shown by figure 
(3.1t). The forks used include cylindrical and square designs while the materials 
range from quartz to stainless steel. These different forks were built and tested 
since it was the aim ofthe project to develop a dip-stick for liquid characterisation. 
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The sensitivity of a tuning fork depends both on its material density and its 
geometry, so an optimal fork design, could be developed depending on the kind of 
liquid to be measured and the parameter is e/(d*p) [91. 
By mass calibrating the forks, their sensitivities were obtained and could be altered 
by changing some few dimensions or the material as already discussed. 
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CHAPTER 4 
DRIVE - LISTEN SYSTEM 
4.1 FEARURES OF THE ELECTRONIC CIRCUITRY USED 
The layout of the "Gunther" relay is shown in figure (3.2). It comes as a result of many 
modifications of previous prototypes that were modified as faults and problems were 
revealed. 
The details of this circuit were left out during the last stages of the project, because of the 
relatively better electronic circuit that was later built. It however constitutes a large part 
of the project that is why it is included. 
4.1.1 POWER SUPPLY 
The digital part of the circuit had 5 V supply while the rest of the circuit had a variable 
voltage between 15 and 30 V from a variable output power supply. The voltage supply to 
the rails was also decoupled by 10 JlF capacitors. 
4.1.2 ISOLATION OF THE TUNING FORK 
The tuning fork is alternatively driven and listened to as alread discussed above. During 
the drive cycle a large burst signal of ± 20 V p-p is driven into the coil of the tuning fork. 
So during this phase (i.e.Drive) the circuit gives a sufficiently low output resistance to 
drive the low impedance tuning fork coil. 
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4.1.3 DRIVE CIRCUIT (see figure 4.1) 
The drive circuit had a push-pull configuration. The input into the high power amplifier 
(LM 343) was a square wave burst signal of ± 20 V p_p which had already been through a 
pre-amplifier circuit. The power npn and pnp transistors used, switched between ground 
and the supply rails before going into saturation. 
4.1.4 LISTEN CIRCUIT 
The listen amplifer was a current to voltage converter [21], and it had a high pass filter at 
its output to reduce the switching transients. In the listen mode, the tuning fork's coil 
could be represented as a current source. During the listen cycle, the tuning fork was 
directly connected to the listen amplifier and it gave significant gain for the decrement to 
be seen. The less inductance the coil had the larger the output signal that developed. Two 
clipping diodes were used to limit the output signal when the output signals were too 
large. 
4.1.5 CONTROL AND TIMING CIRCUITRY 
The drive-listen circuitry was well controlled and the relay opened and closed at precisely 
the right times which was necessary for the protection of the listen circuit. This ON/OFF 
switching of the relay was triggered by providing 25mA from a transistor to the relay's 
coil at pre-determined time intervals, provided by a square wave pulse from any selected 
output of the counter. 
By combining a clock and any selected counter output signal through a NAND gate [22], 
the burst signal was obtained for the drive. To vary the amplitUde of this burst signal, the 
pre-amplified signal going into the power amplifier could be controlled by a feed back 
potentiometer. 
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To set to the correct resonant frequency, the frequency of the oscillator signal from the 
multivibrator was altered by varying the lOOk and 500k potentiometers for coarse 
adjustment and the 5k ten turn potentiometer for smooth adjustment. 
4.2 FEATURES OF THE FINAL ELECTRONIC CIRCUIRTY 
The difference between the two circuits, is how the signals were generated. With the first 
method the PRF and the burst were obtained from the digital circuit built while the signal 
and the square wave generators were used in the improved method. 
4.2.1 CONTROL AND TIMING CIRCUITRY 
The improved method could be used with and without the relay. Without the relay the 
tuning fork's coil was driven and listened to at the same point, and with the relay the coil 
was either connected to the drive or the listen circuit at one time. 
The PRF switch on the wavetek pulse generator was altered to vary the duration of the 
drive-listen signal. To set the tuning fork to its resonant frequency both the coarse and the 
fme frequency switches on the signal generator were used. 
4.2.2 DRIVE CIRCUIT 
The drive circuit had no pre-amplifier, so the drive signal was connected directly on the 
power amplifier and its amplitude could be altered by adjusting the amplitude knob on 
the signal generator. The burst signal used in this case was also sinusoidal and had no 
harmonics. 
The other parts of the drive circuit used in this system are similar to the one already 
discussed above. The circuits shown below are the votage and the current circuits used 
for driving the fork. 
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4.2.3 TRANSDUCER COIL 
During the early stages of the project, the tuning forks used had coils wrapped around 
their upper part very close to the root like those in figure (2.1) and their inductance rating 
was between 1-3 mHo After several experiments it was then decided to reduce the 
inductance to between 0.2-0.5 mHo As a result a significant improvement was noticed on 
the decrement obtained since the total impedance of the system decreased. 
By correcting the power factor of the tuning forks, more energy could be put into the 
actual driving of the transducer. This was achieved by connecting a capacitor of similar 
reactance to that of the fork's coil, but adjusted to make the input voltage a maximum at 
the frequency used. The transducer thus presents a parallel tuned circuit to the drive. The 
impedances can be 5-10 ohms and the drive amplitude can be a few volts. The emf from 
the coil to the listen circuit has a low source impedance. For listen a gain of more than 
100 is needed, and by feeding the emf directly to the invert input of an op-amp the full 
listen power is used and a good signal to noise ratio is achieved. Further the minimisation 
of noise was obtained by using a flatly tuned circuit in the op-amp feedback. 
An important practical requirement is to have a wide practical distance between the coil 
and the barrier allowing a more extensive immersion in the liquid. 
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4.2.3a VOLT AGE DRIVE CIRCUIT 
The circuit gives a sufficiently low output resistance to drive the low impedance tuning 
fork coil. The listen circuit here was connected across the coil and it was designed to 
have a rapid recovery from the drive and to give the high gain required for listen. The 
listen signals obtained were relative to ground. 










Figure 4.1: Voltage drive circuit. The low impedance load requires the low impedance drive. 
4.2.3b CURRENT DRIVE (Figure 4.2) 
Figure (4.2) is a convenient alternative to the voltage drive already described. In the 
current drive circuit there is a D.C current bias through the coil which is modulated by 
the burst signal. The tuning fork voltage is relative to the positive rail. An emitter driven 
pnp transistor amplifier makes the output relative to ground. It, like the Op-Amp circuit 
has the necessary fast recovery time. It is this circuit that was finally used for the liquid 
measurements carried out. 
35 
Variable ( -voltage) 










Variable (+ voltage) 
(l5-30)V 10k 220111'" 
...... o>-_-----'-________ --.L-___ ---' 
Figure 4.2: Current drive circuit The collector gives a push pull current drive to the coil which isflatly 
tuned. 
4.2.4 LISTEN CIRCUIT 
This is the inverted amplifier of an op-amp. The input is directly from the fork and has a 
low source impedance of about 100. By using an inverting amplifier, the full power of 
the listen signal is used. The current flows directly from the fork's coil to the op-amp's 
feedback impedance. The feeback is flatly tuned over the range needed by the particular 
fork. For example by connecting the 4700, SmH and 0.66flF in parallel on the first 
amplifier, only the tuning forks with the resonant frequencies between (2.3 - 2.8) kHz 
were used. The tuning plus the CR filter used improved the signal to noise ratio and gave 
clean noise free waveforms. The output decrement is very small hence it is magnified 
more than 100 times by the two amplifier stages for it to be properly measured. The back 
to back diodes were only used to limit the output to ±0.7V when used with the storage 
scope, since it was found to be having a high saturation limit. 
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Figure 4.3: Listen circuit. The low source impedance of the unit leads to a good listen signal 
There are three selective circuits in the system. The fork which is high Q, the coil drive 
which is low Q and the listen circuit which has a useful selectivity. The feedback 
impedance of this listen circuit was found to be ±2.46k. As a result the when the forks are 
connected directly without the lOn, their gain is different since it depends on their ~ 
values as shown in the table below. 
Table 4.1: This table shows that various/orks have different gain due to their R" values obtained using 
equation (218). 
FORK Fork #6 Fork #3 Fork #1 I 
QUARTZ AL2 S.S FORKA. 
! 
Va 9 12.19 22.03 
V10 5.812 5.062 12.34 ! 
Ro 18 7 13 
Veail 9.844 7.812 1.875 
GAIN 137 351 189 
To precisely get the value of the back emf when using various forks, the amplified output 








O. 445 ±-__ H__ ---'!"""'-___ .....::::::::. 
e 5 1 
The switching transient causes false readings in the early part of the "log-dec". 
CHAPTERS 
MERSUREMENTS CARRIED OUT IN mE PROJECT 
The first experiment carried out was to drive the fork with a burst signal and to observe 
its relationship to the decrement signal on the listen cycle. 
The second experiment carried out was to establish the effect of both the mass and the 
loss loading on a vibrating tuning fork. This was achieved by driving the fork in different 
lossy liquids like (Water, Paraffin and a standard car Oil) and the results were 
referenced to the air results obtained. 
The third experiment was a mass calibration of the various forks so as to get their 
sensitivities. Mass calibration of these various forks was carried out by attaching 
additional weights to the tuning fork's tines whilst observing their effect on frequency. 
The fourth experiment was to evaluate the coupling efficiency of various forks in liquids, 
and to characterise the liquids based on their density and thickness. 
The firth experiment was carried out to show how the liquid's properties vary with 
temperature. This was done by heating and cooling oil and glycerol between 2°C to 
about 6(fC while stirring during the heating process so as to evenly distribute the heat. 
For heating, a hand held electric element was used while dry ice, liquid nitrogen and ice 
cubes were used for the cooling process. 
Tuning forks detailed in table (3.1) were used throughout the experiment. Their 
effectiveness for various applications were evaluated. 
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5.1 TESTING OF THE DRIVE-LISTEN SYSTEM. 
Figure 5.1: The diagram shows the acoustic signal and the output decrement on the listen phase. The 
drive signal can be up to 40Vand the listen signal as lows 2mV(86 dB). 
During the drive cycle the fork is driven by a high power burst signal and the PRF is 
selected such that the maximum drive is put into driving the tuning fork. By using an 
acoustic signal displayed in figure (5.1) above, it is seen that the conversion of electrical 
energy to mechanical is minimum at the start of the burst and approaches maximum 
towards the end of the burst. In thick liquids both the acoustic and the listen decrement 
are much smaller because of the extra loading that the fork experiences. This loading 
phenomenon is shown below where the fork is driven in different liquids. 
On the listen phase the mechanical vibrations of the fork are converted to electrical 
signals, and are at maximum at the start of the listen phase and gradually decrease until 
the next drive cycle starts. This decrement obtained on the listen cycle is the one used in 
the liquid's loss loading measurements. The decrements on the listen phase are many 
times smaller than the drive signal, so they have been amplified by more than 100 times 
to be properly analysed. 
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5.2 LOADING EFFECTS ON A VIBRATING TRANSDUCER 
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Figure 5. 1: The decrement falls fast in a thick oil compared to when in water and air. The graphs show 
the slope of the waveforms from which Q is calculated. N represents the number of 
osciUations. 
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Table 5.1: The fall in frequency for water is greater than the fall for oil since water has a greater 
density. The loss however is greater for the thick oiL 
FLUID F(Hz) Chnge in F (Hz) %F Q 1/Q 
FORK #1 CO AIR 2284 0 1047 0.00096 
WATER 1870 414 18.1 300 0.00333 
OIL 1889 395 17.3 54 0.01852 • 
The data in table (5.1) and figure (5.2) above was obtained by driving Fork #1, a 
stainless-steel tuning fork in Air, water and Oil. The listen signals obtained are in a form 
of a decrement, where a very sharp fuii resulted for oil as compared to water whilst taking 
the air results as a reference. The rate of full, which is the slope of the decrement is 
inversely proportional to Q of the system as shown in table (5.1). When driven in air the 
only losses experienced are the internal losses of the fork and when in liquids there are 
extra losses due to the liquid's density and viscosity. 
According to table (5.1) the fork operating in oil has the lowest Q of 54 compared to 
water and air at 300 and 1047respectively. The inverse of Q (the loss angle) is therefore 
highest in oil meaning that the fork vibrating oil is more heavily damped than when in 
water and air. As a result the fork's vibrations die quicker as shown by a very sharp 
decrement in figure (5.2) above. 
The resonant frequency of the fork depends on the liquid under examination, and it was 
found to have fallen by (18.1%) in water and by only (17.3%) in oil. 
By analyses it is seen that the higher frequency drop in water is due to its higher density 
whilst the higher energy loss in thick oil is due to its higher thickness leading to greater 
internal losses. In case of oil there is also inertia due to the sticking and dragging of oil on 
the tuning fork. From these results it is clear that a tuning fork can be used to monitor the 
fluid's loss loading and mass loading. It is to be noticed that the term "viscosity" only 
applies strictly to "simple" liquids. 
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Figure 5.3: This diagram shows the setup used for mass calibration of various transducers. The acoustic 
signal was used to compare the effICiency of these transducers during the development 
stages. 
In this experiment two nuts of O.64g each were glued to the tines to provide the extra 
known mass loading necessary for the calibration of various forks. The frequency 
changes of each fork with and without the added mass were used with equation (2.3) to 
fmd the fork's equivalent mass and sensitivity. The sensitivities of some of the forks used 
are listed in table (5.2) below. 
The results obtained with and without the nuts, show that the lumped equivalent mass is 
very low in light forks made of quartz and aluminium when compared to the heavier 
brass and stainless steel forks used. Therefore, these light forks have a higher sensitivity 
compared to the heavier ones, and this is shown by the data for fork #6 (Quartz) and 
fork #3 (Aluminium) against fork #1 (stainless steel) and fork #7 (brass) forks. 
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Table 5.2: The sensitivity of the variousforks used was obtained by mass calibration. Fi is thejrequency 
measured without the added mass, whereas Fm is that with the added mass. 
FORK no: Initial freq (Fi) freq with Mass (Fm) Fi..fm Mass ~ensitivity 
Hz Hz Hz {AF} 9 (Am) AF/Am (Hz/g) 
1 2283.8 2222.2 61.6 23.7 2.600 
2 1511.2 1485.5 25.7 37.6 0.684 
3 2899.7 2655.2 244.5 7.6 32.000 
4 2905.5 2851.3 54.2 34.3 1.580 
5 2755.2 2704.5 50.7 34.8 1.457 
i 
6 3063 2780 £0,,:) 6.9 41.000 
7 1422.4 1398.5 23.9 38.9 0.627 
By comparing fork #1 and fork #3, it is seen that fork #3 has a much higher sensitivity 
than fork # 1 despite their similar geometry. So by choosing a low-density material for the 
fork increases the sensitivity for any geometrical design. The sensitivity of the two forks 
fork#l and fork#2 having the same materials was also found to differ, thus confirming 
that the sensitivity of the fork also depends on its geometry. 
To vary the sensitivity ofthe transducer, the geometry can be altered by either increasing 
or reducing the gap between the tines (d), by reducing the thickness of the tine (a) or by 
increasing the tine' s (e) depth. The length of the tines (b) does not have much effuct on 
the sensitivity of the fork, so the fork's size could be reduced by shortening the tines. 
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5.4 TRANSDUCERS ENERGY CONVERSION FROM ELECTRICAL 
MECHANICAL. 
Another way of classifying transducers is by evaluating their energy conversion from 
electrical to mechanical, by taking the ratio of their drive to the listen signal and their loss 
angles. The best fork is the one with the biggest listen signal hence the lowest drive to 
listen ratio and the lowest loss angle. The listen signal is very low, so it was amplified by 
more than 100 depending on the Ro of the fork used, for measurement to be accurately 
taken. 
Figure 5.4: The drive voltage V coil is obtained from the burst signal and the amplified listen signal Vo is 
the maximum signal of the decrement. 
This experiment was carried out to evaluate the forks's efficiencies. Various tuning forks 
were driven in air, water, paraffm, oil and glycerol and the ratios of their coil voltage 
against the listen signals were calculated and compared in the table (5.3). 
The switching transients at the beginning of the listen signals shown m figure (5.4) 
intrude on the first cycles of the decrement, so a careful measurement was taken when 
measuring the decrement voltage (Vo). The drive voltage was measured across the coil 
and is shown in the table as V coil. The loss angles obtained using different forks in a 
range ofliquids were also obtained and compared with the ratio ofVcoilN 0 
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Table 5.3: This table shows the relationship of Vco;/Vo as plotted against the loss angle (fIg) for various 
forks operating freely in air. The losses in air are due to the internal losses of the forks. 
FORKS Also called Vcoil Vo VcoilNo Q Loss angle (1/Q) 
V V 
Fork #6 Quartz 3.063 18.69 0.164 757 0.001321 
Fork #1 S.Steel 0.281 12.59 0.022 1047 0.000955 
Fork #3 Al2 6.375 8.625 0.739 142 0.007042 
Fork #5 S.Steel cyl 3.672 5.539 0.663 740 0.001351 
The data shown above was obtained with the transducers operating freely in air with no 
external loading. Shown in the table fork #1 has the highest Q compared to the other 
forks used. Fork #6 and fork #5 have the next highest Q values respectively, with fork #3 
having the lowest Q. 
VARIOUS FORKS IN AIR 
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Figure 5.5: This graph shows VcoilVo plotted against the loss (JIg). The best transducer from these 
results is S.Steel A with the lowest loss angle and the lowest Vco'/v". 
S.Steel A and Quartz have the lowest V coilN 0 ratios due to their relatively high coupling 
co-efficients when compared to the other two forks. Due to their high coupling co-
efficients, they have the best energy conversion from electrical~mechanical, shown by 
their high listen output Yo. These forks also have the lowest loss angles, probably due to 
their very low internal resistance. 
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The results obtained here can be taken as a rererence to evaluate the perfomance of these 
forks in liquids where evidently different liquids add extra loading to the transducers 
used. 
5.5 EVALUATION OF HIGH AND LOW SENSITIVITY TRANSDUCERS IN 
LIQUIDS 
In this experiment, a range of liquids namely water, paraffm, oil and glycerol were 
measured using different forks. Due to different sesitivities of the forks used, there are 
differences in Q factors and the frequencies obtained. Below there are three tables of data 
obtained when using a low sensitive fork (Fork #1) and the two high sensitive forks 
(Fork #3 and Fork #6). The percentage drop in frequency and Q are shown with reference 
to the results. 
Table 5.4: A low sensitive fork (fork #1) was driven in various liquids (water, paraffin, engine oil and 
glycerol) and due to its good coupling good measurements were obtained in very thick liquids. 
FORK #1 AIR WATER PARAFFIN ENGINE OIL GLYCEROL 
S.Steel A 
Vcoil 0.281 0.47 0.613 0.650 0.7 
Vo 12.59 8.75 0.375 2.422 1.238 
Frequency 2284 1870 (18.1%) 1935(15.3%} 1889 (17.3%) 1777 (22.2%) 
VcoilNo 0.022 0.054 0.065 0.268 0.565 
0 1054 303 (71%) 422 (60%) 54 (95%) 28 (97%) 
1/0 0.0009 0.0033 0.0024 0.0185 0.0357 
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Table 5.5: A high sensitive fork (fork #6) was driven in various liquids (water, paraffin, engine oil and 
glycerol) and it also has a good coupling enabling the transducer to be used for measurements 
in thick liquids. 
FORK #6 AIR WATER PARAFFIN ENGINE OIL GLYCEROL 
Quartz 
IVcoil 3.063 3.375 3 9.844 3.406 
Vo 18.69 10.38 17 9 4.906 
F~uency 3109 2362 (24%) 2477 (20%) 2397 (23%) 2227 (28%l 
VcoilNo 0.164 0.325 0.176 1.094 0.694 
0 757 319 (58%) 330 (56%) 34 (95) 28 (96%) 
1/0 0.0013 0.00313 0.00303 0.02941 0.03571 
Table 5.6: A high sensitive fork (fork #3) was driven in various liquids (water, paraffin, engine oil and 
glycerol) and it also has a good coupling enabling the transducer to be used for measurements 
in thick liquids. 
FORK #3 AIR WATER PARAFFIN ENGINE OIL GLYCEROL 
.AL2 
Vcoil 8.563 7.44 7.81 7.44 7.06 
IVo 16.5 13.9 12.2 5.5 4.719 
Frequency 2885 2241 (22%) 2344 (19%) 2294 (20%) 2119 (27%) 
VcoilNo 0.520 0.535 0.64 1.353 1.496 
0 142 117 (18%) 122 (14%) 31 (78%) 21 (85%) 
1/0 0.0070 0.0085 0.0082 0.0323 0.0476 
When forks operate in liquids they do not vibrate freely as they do in the air, infact they 
experienced additional load due to the mass and the loss loading of the liquids. The 
greater the density and the thicker the liquid is, the greater is the total loading induced on 
the fork. As a result of the increased loading, (Vo) the output voltage becomes smaller at 
the start of the listen signal followed by the decrease in frequency and the increase in the 
loss angle(I1Q). 
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The percentage drop in the Q values and the frequency is the highest for glycerol in all 
three tables above, therefore it confirms that glycerol is the heaviest and thickest liquid 
used. The liquid with the next highest drop in Q is engine oil followed by water and lastly 
paraffin. These results confirm that oil is thinner than glycerol but thicker than water, and 
that paraffm is the thinnest. 
The drop in frequency is lowest in paraffin followed by oil, water and glycerol 
respectively, thus confirming that glycerol is heavier than all the other liquids measured, 
followed by water, oil and lastly paraffin. 
When calibrated the frequency gives the liquid density and the loss angle gives the 
liquid's viscosity. 
The frequency drop in these the liquids is larger when using the more sensitive forks 
(fork #6 and fork #3). The change in Q for the different liquids above is however more 
noticeable when using a less sensitive fork ( fork #1). The results therefore show that 
tuning forks with high sensitivity couple strongly with the liquid, whereas forks with low 
sensitivity have very low coupling to the liquid. Hence a low sensitive fork (fork #1) is 
better for the general measurements of the very thick liquids whereas more sensitive 
forks (fork #3 and fork #6) would be better for use in simple thin liquids. 
48 
5.6 DAMPING OF THE FORKS VffiRA TIONS IN LIQUIDS IS DUE TO BOTH 
THE LIQUID'S DENSITY AND VISCOSITY 
The graphs of the drive divided by the listen output (V coilN 0) against the loss angle (IIQ) 
are displayed to show the effect of both the mass and the loss loading on the vibrations of 
the forks. 
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Figure 5.6: An overview of the transducer perfomances. 
The three graphs above show that the output signals continuously become smaller as the 
loading increases. This then makes the ratio of the drive to the output larger as shown in 
the graphs. The square of the slope, of the ratio of the reciprocal of the output to the 
drive plotted against the loss angle give the coupling efficiency. 
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The points on the graph marked (A) above are almost linear, starting from air, paraffin, 
water, engine oil and glycerol. These results show that the loss angle increases linearly 
with the increase in thickness of the liquid. These graphs show that glycerol has the 
highest loss angle, and that the amplitude of vibrations in it are smaller and decay faster 
than in other liquids. In thinner liquids the liquids the amplitude of vibrations are larger 
and the duration is longer. 
When using a very light sensitive fork (Fork #3), there is some incosistency, causing the 
points to be scattered on the plot. Some points are shown with loss angle at its highest 
value with its corresponding output voltage shown in graph (B). This behavior is likely 
due to sticking and dragging of the light fork on the thick liquids. 
The coupling efficiency ofthe stainless steel fork (Fork #1) is higher than that for the two 
other forks used, hence better results were obtained. Therefore when using a heavy 
stainless steel fork (Fork #1) the inconsistency in the measurements when using thick 
liquids was avoided. 
5.6.1 RESONANT FREQUENCY DROPS AS THE LOADING INCREASES 
The two graphs shown by figure (5.7) below, show the decrease in frequency as the loss 
angle increases from air to glycerol. These graphs show that glycerol has the highest 
frequency decrease, followed by water, oil and paraffin respectively. A high sensitivity 
fork (Fork#6) shows a high sensitivity to frequency each time a different liquid is 
measured, and this makes it a better choice for density measurements in thick liquids. A 
low sensitivity transducer (fork#l) gives better overall results compared to all the other 
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Figure 5.7: The frequency decrease is high when measuring high density liquids. 
5.6.2 THE LOSS LOADING IS INVERSELY PROPORTIONAL TO 
TEMPERATURE IN THICK LIQUIDS 
When the fork is immersed in a liquid the tines pump the liquid, thus absorbing the 
energy and causing a mass loading. The former, a loss that damps the vibrations, lowers 
the Q and the decrement in the drive-listen mode. From each of these two parameters the 
loss angle of the liquid can be found. 
The inertial loading produces a fall in frequency from which the density can be obtained. 
In simple thin liquids the loss angle and density describe dynamic behavior completely. 
For complex thick liquids these parameters can vary with frequency and temperature. 
In general the loss angle falls with the rise in temperature and shows itself in the increase 
in Q. The aim of this experiment is to confirm that the increase in temperature lowers the 
loss angle ofthick liquids. In this section a series of experiments were carried out in both 
cold and hot oil and hot and cold glycerol. To increase the temperature of the liquids a 
small hand held heater was used, and the temperature range of the experiment was 
between 2°C and 60°C. The heat was evenly distributed by stirring the liquids thoroughly 
before each run, while the experimental setup remained constant. 
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The waveforms below were obtained in hot oil experiment. The waveforms of other 
liquids at different temperatures follow the same pattern as the ones shown below. 
The waveforms below were obtained using fork #1 at four different temperature points 
(i.e. at room temperature 25°C, 38°C, 43°C, and at 54°C). At room temperature the output 
signal dies out fast and as the temperature rises the decrement starts to have larger 
amplitudes which last longer. 
5.7 OIL MEASUREMENTS 
Figure 5.8: DecremenJs obtained/or oil heated/rom room temeprature to 5.('C At higher temperatures 
the decay is slower than at lower temperatures. 
The logarithmic plots drawn, show the decrease in slope as the temperature increase. 
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Figure 5.9: The logarithmic plots drawn show the decrease in slope as the temperature increases. The Q 
Jactor obtained is equal to 1lIslope. 
The log plots show that the measurements were accurately taken. By comparing the 
decrement and the log plots given, it is seen that at 54°C the decrement obtained decays 
much slower than at room temperature. The higher slope at R. T and the smaller one at 
54°C confirm that the increase in temperature makes the oil thinner and enables the 
vibrations to become larger and last longer. As a result the loss angle is reduced proving 
that a temperature increase reduces the viscosity of oil. 
This experiment thus proves that the fork can detect the decrease in the liquid's thickness 
as the temperature rises. It can therefore be used for the classification of liquids based on 
their viscosities. 
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The data about two other forks (fork #6 and fork #7)driven in oil is laid out in the tables 
below. 
Table 5. 7: A high sensitive quartz/ork (fork #6) driven in hot oil. 
FORK #6 IN HOT OIL 
QUARTZ 
TEMP (vC) 23 41 47 50 56 
Frequency 2328 2377 2366 2362 2360 
Q 30 42 48 53 54 
1/Q 0.0333 0.0240 0.0208 0.0189 0.0185 
Table 5.8: A low sensitive brass/ork (fork #7) in hot oiL 
FORK tn IN HOT OIL 
BRASS 
I 
TEMP(C) 23 38 43 56 
Frequency 1232 1235 1235 1235 
Q 53 54 83 119 
1/Q 0.0189 0.0185 0.012 0.0084 
5.8 GLYCEROL MEASUREMENTS 
The procedure for the measurements in glycerol is the same as in hot oil. 
Table 5.9: The data/or /ork#3 driven in cold glycerol is displayed below. 
FORK #3 IN COLD GLYCEROL 
AL2 
i 
TEMP (Ve) 5.5 11.5 14.5 19.8 20.1 25.9 
Frequency 2101.5 2116 2118 2111 2111 2111 
Q 16 17 19 19 19 24 
1/Q 0.0625 0.0558 0.0556 0.0538 0.0529 0.0417 
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The results of the experiments in glycerol and oil are shown in tables (5.7, 5.8 and 5.9) 
and they were obtained while using forks #(3, 6 and 7) at varying temperatures. A fork 
with very high sensitivity was driven in glycerol with the temperature ranging between 
5.50C and 25.90C. At very low temperatures, glycerol is very thick hence the loss loading 
is too large. This is shown with a small Q value at low temperature and a steadily 
increasing Q as the temperature rises. 
Table 5.10: The data for fork #1 driven in glycerol is displayed below 
FORK #1 IN GL VCEROL 
S.STEELA 
TEMP (vC) 10.5 38.5 7.5 7 24.5 
Vo 14.19 21.06 12.31 10.41 16.3 
Vcoil 11 6.437 11 11 6.44 
VoNcc.i1 1.290 3.272 1.119 0.946 2.531 
Frequency 1773 1776 1770 1766 1776 
0 25.9 51 23.6 21 37.4 
1/0 0.039 0.020 0.042 0.048 0.027 
To get the data in the table above, fork #1 was driven in glycerol with the temperature 
ranging from 7°C to 39°C. The aim was to check if fork #1 could be used in very thick 
liquids. 
The low sensitive foks (fork #1 and fork #7) have higher Q values compared to the low 
sensitive forks when used in thick liquids. 
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5.8.1 TRANSDUCER VIBRATIONS INCREASE WITH AN INCREASE IN 
TEMPERATURE 
As the temperature of glycerol increases it becomes increasingly thinner making it easier 
for the fork to vibrate in it. From the graph below Vo is seen to be increasing by a factor 
of 0.074 per °c increase in temperature as the internal losses in glycerol decrease. 
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Figure 5.10: The output voltage increases as the temperature o/glycerol rises 
As glycerol becomes thinner with an increase in temperature, the vibrations of the fork 
become larger and last longer due to the decrease of about 0.0008 in loss for each °c 
increase in temperature. 
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Figure 5.11: The loss angle decreases by about 0.0008 per °C increase in temperature. As the liquid 
becomes thinner the vibrations become larger and last longer. 
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As the temperature continues to rise, glycerol becomes even thinner up to a point where 
the temperature increase no longer affects its thickness thus allowing the transducer 
vibrations to increase by a factor ofa about 87.74 for each °c increase in temperature. 
The plot in figure (5.12) below was obtained while driving fork #3 in glycerol from 5°C 
to about 30°C. The loss per degree increase in temperature is 0.0009. 
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Figure 5.12: The loss in glycerol with a light sensitive aluminium fork decreases by about 0.0009 per 0 C 
increase in temperature. 
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Figure 5.13: The loss angle decreases as the temperature increases. The loss per °C is more in a light 
fork (fork #6) than in a heavy fork (fork #7). 
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The loss angle of a fork represents all the losses in the system, viscous, acoustic and 
internal friction of the transducer material. As the temperature increases the loading on 
the transducer is due only to the density of oil. Therefore the decrease in the loss angle 
can be taken as a measure of the liquid's density. 
5.8.2 FREQUENCY CHANGES DUE TO TEMPERATURE 
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Figure 5.14: The resonant frequency of a heavy fork (fork#l) stabilises faster than that of a light fork 
(fork#3) when driven in glycerol at low temperatures. 
When using fork #1 at temperatures between 5 and 15°C the frequency increased by 
about 8Hz and by about 12 Hz for fork #3. As the temperature increase from 25°C 45°C 
the frequency remains constant. 
The two other graphs shown below were obtained while driving a light fork (fork#6) and 
a heavier brass fork (fork#7) in engine oil. 
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Figure 5.15: The resonant frequency stabilises faster with a heavier fork (fork #7) than with a light 
quartz fork (fork #6) 
The forks used here were brass which being heavy has a low sensitivity and quartz, 
which has a high sensitivity. As the temperature rises the oil becomes conspicuously 
thinner with a small density change. This shows up in both cases as a rapid increase in 
frequency to about 40°C followed by a constant value to 60°C. The frequency change 
8FIF for quartz is 1.4% but only O.3%for brass in oil. 
It is therefore considered that when the oil is thick there is large viscous drag adding to 
mass of the system but this disappears as the oil becomes thinner. At higher frequencies 
the loading is due to density only. As a result there is a 44% drop in the loss angle from 
the frequency of 2328Hz to 2360Hz for the quartz fork and 55% for the brass fork as 




Based on the results ofthis project, the following conclusions may be drawn: 
The magnetostictive drive was used rather than the piezoelectrical drive, and was 
very effective in isolating completely the electrical and the vibrating parts of the 
transducer. 
A range of transducers have been developed for suitable characterisation (density 
and viscosity) of a wide range of viscid liquids, particularly commercial oils and 
also simple liquids, where the loss factor is due to viscosity. 
The transducers in the form of a tuning fork are immersed in the liquid, while the 
fall in the resonant frequency due to the loading and the loss given by the loss 
angle are measured. The loss angle has a strong dependence on viscosity, while 
the shift in the resonant frequency arises from the density loading. 
The main challenge was to obtain measurements in very thick liquids and thus 
was achieved by various aspects of the design. For example heavy transducers 
with low geometrical sensitivity were required for the heaviest liquids. The drive 
was produced magnetostrictively and the actual measurements by square wave 
modulating the drive signal. For a 2kHz signal the modulating frequency was 
20Hz giving a 100 cycle burst. The resonant frequency was then obtained from 
the frequency counter and the loss from the decrement when the drive is 
switched off. The coupling efficiency of the fork was better when the 
magnetostrictive strips reached further down the tine length. 
The lumped mass and the internal friction of the transducer are functions of its 
geometry. By keeping the gap between the tines constant, and increasing the 
width of the fork with the same material, the sensitivity increases. 
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So for a gIVen geometry the sensitivity to both parameters IS inversely 
proportional to the fork's density. 
As a result, a stainless steel fork (fork #1) due to its lower sensitivity gave good 
results in heavy liquid measurements, compared to the high sensitivity forks 
(fork #3) which is made of aluminium and the fused quartz fork referred to as 
(fork #6). 
Finally the main objective of the project was achieved, where an instrument for 
general industrial use was developed. It is extremely robust and can be used in 
the form of a hand held "dip stick". A single screaned lead connects the unit to 
the electronics, which is completely isolated from the liquid by the bulkhead, 
therefore exluding any possibility of an electrical harzard. 
Measurements have been made on a wide range of liquids and the results 
obtained have good reproduceability. The heaviest liquid measured is glycerol at 
2°C. It is visualised that users will calibrate the individual units using thick 
liquids of their choice, and when suitably calibrated the transducer can be used to 




From the results obtained and the conclusions drawn, it is recommended that since a 
complete range of transducers has been produced, they now need to be automated to: 
• Hold the resonant frequency of the tranducers as the liquid properties change. 
• Provide a readout of Q, for the loss angle measurements. 
The automation of the system is expected to be straightforward and a simple reliable 
design is expected. 
A number of displays have been considered. Numerical information could use a display 
on a cell phone type unit. An acoustic display signal could relate the pulse recurrence to 
the loss, increasing as the liquid gets thicker. 
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APPENDIX A: 
DATA OF VARIOUS TRANSDUCERS USED IN DIFFERENT LIQUIDS 
APPENDIX A 
DATA OBTAINED FROM THE DECREMENTS OF THE VARIOUS 
TRANSDUCERS IN DIFFRERENT LIQIDDS 
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Figure A.I: Results ofa decrement obtained with a modiftedfork #7 (fork #7M) in air. 
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FORK #1M IN HOT OIL 
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Figure A.4: Results of a decrement obtained with fork #6 in hot oiL 
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Figure A. 6: Results of a decrement obtained with fork #4 in air. 
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Figure A. 7: ResuLts of a decrement obtained with fork #4 paraffin. 
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Figure A. 8: Results of a decrement obtained with fork #4 in oil 
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Figure A.II: Results of a decrement obtained with a glass fork in water. 
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Figure A.16: Results ofa decrement obtained with fork #3 in glycerol at 22 deg C 






Figure A.17: Results of a decrement obtained with fork #3 in glycerol at deg C 
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Figure A.18: Results of a decrement obtained with fork #3 in glycerol at 38.5 deg C 
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Solarton Transducers 
Viscosity Measurement 
Solartron's commitment to its customers to continually develop a range of high quality and reliable 
process instruments has resulted in the introduction of the Solartron process viscometer. 
Using proven vibrating sensor technology the 7827 viscometer provides on line, continuous 
measurement of viscosity. Simultaneous measurement of density and temperature gives the 
instrument its unique advantage, permitting the accurate determination of dynamic and kinematic 
viscosity, which can be referred to standard conditions if required. 
The system comprises of a sensor and conditioning electronics. The sensor can be simply installed in 
a by-pass, pipeline or tank. A choice of materials of construction and flange connections allows the 
sensor to be used in a broad range of process, liquids and pressures. 
Independent calibrated ranges are available ensuring that the maximum accuracy is achieved. For 
applications where the measurement extends over more than one calibrated range an auto ranging 
facility in the conditioning electronics is provided. 
Key Applications The 7827 process viscometer is ideally suited for: 
• Oil blending. There is a need to determine the viscosity of an oil at standard conditions. This 
ensures the quality of the product which leads to efficient plant operation. 
• General process/Chemical e.g. Glycol, clays, inks, fabric softener, resins, cement, shampoos, 
glue, detergents, varnish. 
• Pipeline interface detection. The dual measurement of viscosity and density makes the 
Solartron process viscometer an ideal sensor for interface detection. 
• Pipeline leak detection. One method in which leaks can be detected on major pipelines is by 
measuring the pressure drop over a given section of pipe. The pressure drop is a function of the 
on-line viscosity and density. 
Principle of Operation 
The 7827 operates on a vibrating element principle and can be regarded as a simple tuning fork 
maintained in resonance. 
The damping of the vibration of the tines is proportional to the fluid viscosity. To be more exact the 
viscosity is inversely proportional to the square of the quality factor (defined as the resonant 
frequency divided by the band-width). The density of the fluid is determined by measuring the 
resonant frequency. 
---~---~ ------~~~~- ---------------~ ... --. 
Liquid Density Measurement 
The Solartron field proven range of densitometers have been designed to meet the most demanding 
http://www.nell.comldatal00500/htmlnrOOI13.htm 2110/00 
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applications found in modern processing plants. These meters have long been recognized as the 
Industry Standard. 
Where the high accuracy of the 7835 series is not required the 7826 Insertion densitometer provides 
the ideal solution. This unit can be mounted either in a static tank or in a pipeline. 
All Solartron densitometers are available with a choice of flange and material of construction. This 
allows them to be used in a broad range of process liquids ensuring that Solartron has the answer to 
your metering and control requirements. 
Fiscal Metering. 
The 7835 is designed for fiscal metering of crude and refined hydrocarbons and non corrosive process 
liquids. This transducer offers the highest accuracy with excellent repeatability under pipeline 
operating conditions. The vibrating element is manufactured from Ni-Span-C for excellent long term 
and temperature stability. 
General Process 
Suitable for most general process applications, the 7845 is manufactured with all wetted parts in AlSI 
316L stainless steeL Typical applications are: 
• Percentage mass, percentage volume and specific gravity of fluids or fluid/fluid fluid/solid 
mixes. 
• Caustic soda blending. Concentrated product delivered by road tanker is diluted with water for 
on-site storage. 
• Energy conservation in whisky distilling. Used to monitor the alcohol content and shut off the 
heat source when the value of the alcohol falls to near the cost of the energy consumed. 
• In the sugar industry for controlling degrees Brix. 
• Interface detection 
• Blending control 
Corrosive Applications 
For corrosive applications where AlSI 316L stainless steal is not suitable, the 7846 offers wetted 
parts in Hastelloy C22. 
Hygienic Applications 
Solartron densitometers are widely used in the food industry for the monitoring and control of 
foodstuffs, for example, milk and yogurt. The 3A- authorized, all stainless steel 7847 with special 
bellows make it an ideal solution. Various sanitary fittings are available for the transducer. 
Insertion Densitometer 
The 7826 Insertion Densitometer has been developed for applications requiring liquid density 
measurement in pipelines or static tanks. . 
The 7826 consists of a tuning fork arrangement with the tines mounted from a flange, which in turn 
supports the electronics housing. The transducer is available in a range of flange options, including a 
3A authorized unit. An integral 4-20mA version is available. 
Principles of Operation 
All Solartron liquid density transducers operate on the same general principle and can be likened to 
http://www.nell.comldataJ00500Ihtmlnr00113.htm 2/10/00 
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that of spring mass system. As the product density changes it in turn changes the vibrating mass, 
which is then detected by a change in the resonant frequency. 
When a mass on a sperm is displaced and released it will oscillate at a natural frequency until it 
comes to rest due to viscous damping. An oscillation at the natural frequency may be maintained by 
supplying a driving force to overcome the effects of damping. 
Solartron Transducers 
11321 Richmond Ave. M-I02 
Houston, Texas 77082-2615 
USA 
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Liquid Density Transducers 
Based on Solartron's vibrating element tecQpology, the 7835/45 family of Liquid Density Transducers 
are well established as the industry standard for on-line applications, feature a unique single straight-
tube design. The 7826 transducer can be inserted into a tank or pipeline. Both types - which use a 
measurement technique based on a vibrating element - can handle liquids and slurries, and provide 
continuous, accurate instantaneous measurements. 
The new 7828 digital insert:on density transmitter offers a direct 4-20mA output of line or base 
density, or other selectable density-based values. 
• Straight-through flow path reduces 
pressure drop, minimizes 
maintenance 
• No moving parts or seals 
• Unaffected by vibration 
• Insensitive to flow and pressure 
variations 
• Wide range of materials available to 
suit most applications 
• Approved for use in hazardous areas 
• Entrained Gas version available 
Typical applications 
• Fiscal metering 
• Slurries 
• Food processing 
• General chemicals 
• Hydrocarbons 
• Resource management 
Typical measurements 
• API degrees 
• Degrees Twadell 
• Absolute and Referred Density 
• Concentration by mass or volume 
Advanced Density System 
Solartron has significantly expanded the application of liquid density measurement by integrating 
http://www.solartron.com/tranny/liqdensity.htm 2110/00 
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signal processing into the 7835 Family of Density Transducers. 
• Lower cost installation 
• Industry standard communication 
• Direct analog and digital outputs 
• Remote display option for local analysis or set-up 
• Modular upgrade and expansion 
Solartron's vibrating element technology 
The majority ofSolartron's transducers are based on the vibrating element principle: the element is 
electromagnetically excited at its natural resonant frequency, which is dependent on the density ofthe 
fluid or gas surrounding the element. The resonant frequency is maintained electrically, and any 
change is detected and used to derive the change in density of the surrounding fluid or gas. (Viscosity 
can also be derived by measuring the "Q-factor" from the half-power (3dB) frequencies either side of 
the resonant frequency.) 
http://www.solartron.com/tranny/liqdensity.htm 2110/00 
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BIAS 
MAGNETS 
Figure C.l : These transducers are the best ones developed for liquid measurements. 
QUARTZ 
FORK 
Figure C.2: The improved transducers used/or the characterisation o/liquids. 
